University of Nebraska - Lincoln

DigitalCommons@University of Nebraska - Lincoln
Faculty Publications -- Chemistry Department

Published Research - Department of Chemistry

1995

PREPARATIONS OF POLYCARBYNES
Reuben D. Rieke

Follow this and additional works at: https://digitalcommons.unl.edu/chemfacpub
Part of the Analytical Chemistry Commons, Medicinal-Pharmaceutical Chemistry Commons, and the
Other Chemistry Commons
This Article is brought to you for free and open access by the Published Research - Department of Chemistry at
DigitalCommons@University of Nebraska - Lincoln. It has been accepted for inclusion in Faculty Publications -Chemistry Department by an authorized administrator of DigitalCommons@University of Nebraska - Lincoln.

||||||||||||||||
USOO5436315A

United States Patent (19)
Rieke
(54) PREPARATIONS OF POLYCARBYNES
75 Inventor: Reuben D. Rieke, Lincoln, Nebr.
73 Assignee: Board of Regents of the University of
Nebraska, Lincoln, Nebr.

21 Appl. No.: 152,725
22 Fied:
Nov. 15, 1993
51) Int. Cl............................................... CO8G 61/00
52 U.S. Cl. .................................................... 528/397
58 Field of Search ......................................... 528/397
(56.

References Cited
U.S. PATENT DOCUMENTS
4,745,176 5/1988 Becker et al. ....................... 528/397
5,211,886 5/1993 Rieke.
5,211,889 5/1993 Rieke .
OTHER PUBLICATIONS

P. A. Bianconi et al., “Poly(n-hexylsilyne): Synthesis

and Properties of the first Alkyl Silicon (RSI) Network
Polymer, J. Am. Chem. Soc., 110, 2342 (1988).
P. A. Bianconi et al., “Ultrasound-Mediated Reductive

Condensation synthesis of Silicon-Silicon Bonded Net
work Polymers’, Macromolecules, 22, 1697 (1989).

T-C. Wu et al., "Organocalcium chemistry: Prepara
tion and reactions of Highly Reactive Calcium', J. Org.
Chem, 55, 5045 (1990).
G. W. Ebert et al., “Direct Formation of Organocopper
Compounds by Oxidative Addition of Zerovalent Cop
per to Organic Halides', J. Org. Chem, 49, 5280 (1984).
K. Furukawa et al., “Optical Properties of Silicon Net
work Polymers', Macromolecules, 23, 3423 (1990).
S.-i. Inaba et al., “Highly Reactive Metallic Nickel:
Reductive Homocoupling Reagent for Benzylic Mono
and Polyhalides', J. Org. Chem., 49, 2093 (1984).
K. J. Klabunde et al., “Active Metal Slurries by Metal

Vapor Techniques. Reactions with Alkyl and Ary
Halides', J. Org. Chem., 44, 3901 (1979).
R. A. O'Brien et al., "Functionalization of Halogenated
Polystyrene Resins utilizing Highly Reactive Calcium',

11
45

Patent Number:
Date of Patent:

5,436,315
Jul. 25, 1995

J. of Inorganic and Organometallic Polymers, 2, 345
(1992).
M. A. Plano et al., “Polycrystalline CVD Diamond
Films with High Electrical Mobility, Science, 260,
1310 (1993).
R. D. Rieke et al., “Preparation of Highly Reactive
Metal Powders: Some of Their Uses in Organic and
Organometallic Synthesis', ACS Symposium Series, 133,
223 (1987).
R. D. Rieke et al., "Studies on Unusually Reactive
Metal powders. Preparation of New Organometallic
and Organic Compounds Including Potential New Cat
alysts', Energy Res. Abstr., 10(18), Abstr. #37255
(1985).
G. T. Visscher et al., “Poly(phenylcarbyne): A Polymer
precursor to Diamond-Like Carbon', Science, 260,
1496 (1993).
T. Yamamoto et al., “A novel Type of Polycondensa
tion Utilizing Transition Metal-Catalyzed C-C Cou
pling', Bulletin of the Chemical Soc. of Japan, 51(7),
2091 (1978).
"Diamondlike material made from network polymer',

Chemistry & Engineering News, Jun. 7, 1993, pp. 28.

R. D. Rieke, Abstract of National Institute of Health
Grant No. GM35153 Oct. 1992.

Primary Examiner-Melvyn I. Marquis
Attorney, Agent, or Firm-Merchant, Gould, Smith,
Edell, Welter & Schmidt
57
ABSTRACT

Polycarbynes prepared from a soluble source of elec
ing at least one carbyne group in an ethereal, polye
thereal, or hydrocarbon solvent are presented. A wide
variety of arylcarbyne and/or alkylcarbyne monomers

trons and an organic monomer or co-monomer contain

and co-monomers can be combined with a source of

electrons soluble in an ethereal, polyethereal, or hydro
carbon solvent to form novel polycarbyne polymers.
These polycarbyne polymers can be used to form syn
thetic diamond materials, fibers, and other materials
that can withstand extreme conditions.

33 Claims, 1 Drawing Sheet
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a liquid precursor into a synthetic diamond film. In

PREPARATIONS OF POLYCARBYNES

order to achieve the transformation, a,c,d-trichloroto

uene is reduced in tetrahydrofuran, using an ultrasoni
The present invention was made with Government cally generated emulsion of a sodium-potassium alloy,
support under Grant No. GM 35153 awarded by the 5 to form poly(phenylcarbyne). The poly(phenylcarbyne)
National Institute of Health. The Government has cer
is then pyrolized to form a synthetic diamond material.
tain rights in the invention.
This process is complex and requires a highly explosive
alloy to form the intermediate poly(phenylcarbyne).
FIELD OF THE INVENTION
Using metal compounds to polymerize organohalides
The present invention relates to polycarbynes. More 10 is not new in the art. U.S. Pat. No. 5,211,889 issued on
specifically, the present invention relates to methods for May 18, 1993 to Reuben D. Rieke, specifically discloses
preparing polycarbynes by combining a source of solu examples of soluble highly reactive calcium reacting
ble electrons and a carbyne-containing monomer. The with dihalothiophenes and dihalobenzenes, for example,
present invention also relates to compositions of poly to form polymeric materials. However, there is no indi
carbynes.
s cation that carbyne-containing organohalides, such as
C,c,d-trichlorotoluene, can form polycarbynes using
BACKGROUND OF THE INVENTION
the
highly reactive calcium.
Polycarbynes are polymers that can be used for the
A
exists for a facile, relatively safe and inexpen
preparation of diamond-like carbon films and in applica sive need
method
of producing polycarbynes with reason
tions that require materials to withstand extreme condi- 20 ably high yields. This facile method should be readily
tions. Extreme conditions are conditions in which many adaptable to the production of a variety of polycarbyne
materials typically fail or lose their structural integrity. materials. Once produced, polycarbynes can be con
Some examples of extreme conditions include extreme
into a synthetic diamond material, a plastic mate
temperatures and pressures, high shear or tensile forces, verted
rial, or other high strength material that maintains its
and/or corrosive environments. Presently, metals, high 25 Structure
in extreme conditions.
performance plastics, diamonds and other high strength
materials are used in many applications in which the
materials are exposed to extreme conditions. However,

SUMMARY OF THE INVENTION

these materials can be cumbersonne, expensive and diffi
cult to work with.

30

For example, diamond is used in and has been pro
posed for many applications in which materials that can
withstand extreme conditions are needed. Diamond is a

material from which cutting and drilling tools can be
made. Diamond has been proposed for many electronic 35
applications, such as the material from which micro
electronic chips are made, because it has high mobility,
a high breakdown strength, and a high radiation hard
ness. However, acquiring natural diamond can be very
expensive and/or time consuming because of its scarcity 40
and the difficulty with which it is mined. The difficulty
of acquiring natural diamond has led to the need for
development of synthetic diamond materials.

Presently, there are several methods for preparing
use of heat and pressure, chemical vapor deposition, and
ultrasonically generated emulsions. Every year tons of

Synthetic diamond materials. These methods include 45
commercially manufactured diamond materials are
made by heating graphite to about 1370° C. while sub
jecting it to about 50,000 atmospheres of pressure. This 50
heat and pressure technique converts graphite's layered
sheet-like atomic structure to diamond's three-dimen

sional tetrahedral crystalline network. This technique,
however, is cumbersome and requires large and expen

sive machinery.

55

Chemical vapor deposition is a cheaper means of
manufacturing synthetic diamond. In this process, car
bon-containing gas gets decomposed, with microwaves
or some other energy source, and the liberated carbon
settles on a surface, such as glass or silicon. As the car- 60
bon settles, a thin film of solid diamond or diamond-like
material develops. However, this film-forming process
has not seen wide commercial success because it is very
slow and difficult to control.
A recently developed method for preparing dia- 65
mond-like materials was reported by Glenn T. Visscher
et al. in Science, 260, 1496-1498 (1993). This method for
preparing diamond-like materials involves transforming

The present invention relates to the composition and
preparation of polycarbynes. A method for preparation
of a polycarbyne includes contacting a soluble source of
electrons with an organic monomer or co-monomer in
an ethereal, polyethereal, or hydrocarbon solvent. The
organic monomer or co-monomer contains at least one
carbyne group, and the soluble source of electrons is
soluble in an ethereal, polyethereal, or hydrocarbon
solvent. The term “organic' refers to hydrocarbon-con
taining groups wherein the majority of atoms are car
bon and hydrogen. This includes within its scope alkyl
groups, aryl groups, and arylalkyl groups. It is under
stood that inorganic atoms and/or groups, such as sili
con, nitrogen, phosphorous, oxygen, and sulfur, can be
included within the organic monomers. Such groups or
atoms can be present as long as they do not interfere
with or participate in polymerization.
The soluble source of electrons can be a highly reac
tive metal species, which is made by contacting in an
ethereal, polyethereal, or hydrocarbon solvent, a metal
salt, soluble in an ethereal, polyethereal, or hydrocar
bon solvent, with a solubilized reducing agent having a
reduction potential of -1.5 volts or more negative
relative to the standard calonel electrode (SCE). This
highly reactive metal species can then be combined
with an organic monomer or co-monomer containing at
least one carbyne group to form a polycarbyne. When
the organic monomer or co-monomer contains at least
one carbyne group. that is bonded to an alkyl group a

poly(alkylcarbyne) is formed. When the organic mono
ner or co-monomer contains at least one carbyne group
that is bonded to an aryl group, a poly(arylcarbyne) is
formed. When the organic monomer or co-monomer
contains at least one carbyne group that is bonded to an
arylalkyl group, a poly(arylalkylcarbyne) is formed.
Most of these polycarbynes are novel polymers.
Their compositions vary with the types of alkyl, aryl or
arylalkyl carbyne-containing monomers and/or co
monomers polymerized to form these polymers. These
polymers can be used to make synthetic diamond mate
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rials, polymer fibers and other materials that can with

DETAILED DESCRIPTION OF THE PRESENT
INVENTION

stand extreme conditions.

As used herein, the term "polycarbyne' or “polycar
byne compound” refers to polymers or oligomers con
taining "alkylcarbyne,' 'arylcarbyne' or “arylalkylcar
byne' moieties or mixtures thereof. As used herein, the
phrase "alky1' refers to a saturated linear, branched, or
cyclic hydrocarbon group, and the phrase “aryl' refers
to a mono-, di- or polynuclear aromatic hydrocarbon
group. As used herein, the phrase “arylalkyl,' or alter
natively "alkylaryl,” refers to a group containing both
aryl and alkyl moieties. The phrase "carbyne' refers to
a group having a carbon atom bonded to three leaving

groups prior to polymerization. These leaving groups
included in the carbyne group are replaced during poly
merization either directly or indirectly by another car

byne carbon.
The phrase “arylcarbyne,' as used in the nomencla
ture of the polymers, monomers, and co-monomers
discussed herein, refers to moieties containing one or
more carbyne groups bonded to an aryl group. For
example, an arylbiscarbyne is an arylcarbyne that con

The present invention is based upon the discovery
5

that a soluble source of electrons can be combined in an

10

ethereal, polyethereal, or hydrocarbon solvent with
organic monomers or co-monomers to form polycar
byne polymers. By combining the soluble source of
electrons with a variety of arylcarbyne monomers or
co-monomers, alkylcarbyne monomers or co-monom
ers, or arylcarbyne-alkylcarbyne co-monomers, aryl
carbyne-arylalkylcarbyne co-monomers, alkylcar
by nearyl-alkylcarbyne co-monomers, arylalkylcarbyne
monomers or co-monomers, for example, new polymers

15 can be formed.

Soluble Source of Electrons

20

tains two carbyne groups attached to an aryl group. A
polymer formed from an arylbiscarbyne monomer is a 25
poly(aryldicarbyne). The phrase “bis' is used to de
scribe a monomer that contains two carbyne groups,
and the "phrase' diis used to describe a polymer result
ing from the polymerization of a bis monomer. The
phrase “alkylcarbyne,' as used in the nomenclature of 30
the polymers, monomers, and co-monomers discussed
herein, refers to moieties containing one or more car
byne groups bonded to an alkyl group. For branched or

long chain alkyl groups, the carbyne is bonded to a
terminal carbon, e.g. of a methylene group. For exam 35
ple, an alkyibiscarbyne is an alkylcarbyne that contains
two carbyne groups attached to an alkyl group. A poly
mer formed from an alkylbiscarbyne monomer is a
poly(alkyldicarbyne). The phrase “arylalkylcarbyne,”
or alternatively, "alkylarylcarbyne', as used in the no
menclature of the polymers, monomers, and co-monom
ers, discussed herein, refers to moieties containing one
or more carbyne groups bonded to an arylalkyl or an
alkylaryl. The phrase “arylcarbyne-alkylcarbyne’ or
'alkylcarbyne-arylcarbyne' as used in the nomencla 45
ture of the polymers, monomers, and co-monomers
discussed herein, refers to moieties containing one or
more carbyne groups bonded to an aryl group and one
or more carbyne groups bonded to an alkyl group. The 50
term “polymer' or “polymeric” is used herein in its
most general sense to mean a compound consisting of
repeating structural units. The term "monomer” or
"monomeric' is used herein in its most general sense to
mean a compound consisting of singular structural 55
units. The term "co-monomer' is used herein in its most

general sense to mean a compound consisting of more
than one molecular type of singular structural units. An
organic monomer or co-monomer can contain one or
more aryl groups, one or more alkyl groups, and/or one
or more arylalkyl groups.
BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 represents a graph of: (a) UV-vis electronic

4.

Any source of electrons, soluble in an ethereal, polye
thereal, or hydrocarbon solvent, having a reduction
potential of -0.2 or more negative, relative to the stan
dard calonel electrode (SCE), can be used to form a
polycarbyne from the organic monomers or co-monom
ers pursuant to the present invention. In accord with the
present invention, the soluble source of electrons should

be sufficiently soluble in an ethereal, polyethereal or
hydrocarbon solvent to react with the monomer or
co-monomer in solution. By this it is meant that the

reaction with the monomer or co-monomer does not

occur on the surface of a solid particle. Preferably,
“soluble” refers to a compound that is at least 0.5 wt-%
soluble in an ethereal, polyethereal, or hydrocarbon
solvent, and more preferably, at least 1 wt.% soluble.
Ethereal, polyethereal, or hydrocarbon solvents in
which the source of electrons should be soluble include,
but are not limited to: ethyl ether, tetrahydrofuran,
glyme, diglyme, triglyme, benzene, hexane and the like.
If a hydrocarbon solvent is used, it preferably contains
a secondary solubilizing agent such as N,N,N',N'-tet
ramethylethylenediamine (TMEDA), or other diamine
or bidentate ligand capable of solubilizing the starting

materials and product.

A variety of electron transfer compounds, e.g., mac
rocyclic, polyethers, cryptates, polyenes, and the like,

in combination with alkali metals are usable sources of

soluble electrons that are capable of interacting with
organic monomers or co-monomers to form polycar
bynes. Preferably, the soluble source of electrons con
tains a polyene. More preferably, the soluble source of
electrons contains an aromatic polyene, i.e., an arene or
polyarylene, such as an aromatic electron-transfer com
pound. Examples of aromatic electron-transfer con
pounds include, but are not limited to, biphenyl, naph
thalene, and anthracene. Compounds such as these are
typically capable of transferring electrons in an oxida
tion reduction reaction through the formation of radical
anions. Specific examples of suitable solubilized sources

of electrons include: alkali metal salts of aromatic an

ions, such salts being, for instance, sodium naphthale
nide, lithium naphthalenide, sodium anthracenide, lith
ium anthracenide, sodium biphenylide or lithium biphe
nylide; alkali metal-polyether solvates; alkali metal
crown ether solvates; alkali metal-cryptate solvates, etc.

Preferably, the soluble source of electrons is an alkali
metal arene salt. More preferably, the soluble source of

spectrum (cyclohexane) and (b) fluorescence spectrum 65 electrons is a combination of an alkali metal cation and
(cyclohexane, excitation wavelength=300 nm) of an anion of an aromatic electron transfer compound,
poly(phenylcarbyne) obtained in accord with the pres such as biphenyl, anthracene, or naphthalene. Most
ent invention.
preferably the soluble electron source is performed. Of

5,436,315
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the preformed alkali metal arene salts, the most pre invention, at least because copper is more difficult to
ferred is lithium biphenylide.
solubilize. Therefore, soluble barium(II) salts, calcium
By "preformed' it is meant that the alkali metal and (II) salts, and strontium(II) salts are preferred salts to
about 1-1.2 molar equivalents of the arene are allowed form soluble formally zerovalent metal atoms.
to react substantially completely, i.e., until substantially
The counterion of the soluble metal salt can be any of
all the alkali metal is consumed, before contacting any a variety of anions that does not contain an acidic pro
monomer in accord with the present invention. The ton. For example, the anion can be a sulfate, nitrate,
formation of the preformed reducing agent typically nitrite, cyanide, or halide. Preferably, the anion is a
takes place in an ethereal, polyethereal, or hydrocarbon cyanide or a halide. More preferably, the anion is F. C.
solvent, and generally is substantially complete in about 10 Br, or I. Most preferably the anion of the soluble metal
two hours.
Salt is Br or I.

A variety of alkali metals can be in combination with

the macrocyclic polyethers, cryptates, polyenes and the
like to form a soluble source of electrons usable in the

present invention. Some examples of usable alkali met
als in the present invention are: lithium, sodium, potas

15

sium, rubidium, cesium and/or mixtures thereof.

Although, use of an alkali metal arene salt as the
soluble source of electrons is preferred, a soluble highly
reactive metal species can also be prepared and used as
a soluble source of electrons in accord with the present
invention. In general, the previously discussed sources

20

of Soluble electrons, such as an alkali metal arene salt,
can be used to reduce soluble metal salts, such as a

calcium(II) salt, a barium(II) salt, a strontium(II) salt, a 25
copper I or II salt or mixtures thereof, to form soluble
highly reactive metals that are suitable sources of solu
ble electrons to form polycarbynes. As used herein, the
term “highly reactive' refers to the reactivity of a metal
Species, such as calcium, strontium, barium, copper, or
mixtures thereof in organic reactions, particularly oxi
dative addition reactions. As used herein, a metal spe
cies is highly reactive if it reacts with a wide variety of
primary, secondary, and particularly tertiary alkyl ha
lides in relatively high yields, for example in greater 35
than about 50% yields, preferably in greater than about
70% yields.
These soluble highly reactive metal species are com
posed of formally zerovalent metal atoms in combina
tion or in complexation with a solubilizing agent. Pref.
erably, the highly reactive metal species contains for
mally zerovalent non-alkali metal atoms. By "formally
Zerovalent' it is meant that the formal oxidation state,

or charge, is equal to the group number (i.e., 2 for cal
cium) minus the number of unshared electrons (i.e., 2
for calcium) minus the number of bonds (i.e., 0 for cal
cium). Although the formal oxidation state of the metal
in the preferred highly reactive metal species is consid
ered to be zero, it is believed that there is significant
charge transfer between the metal and the solubilizing
agent. By "in combination' or "in complexation with”

45

and the like in combination with alkali metals that are

discussed previously as soluble suitable sources of elec
trons useable in the present invention. Examples of
suitable solubilized reducing agents include alkali metal
salts of aromatic anions, such salts being, for instance,
Sodium naphthalenide, lithium naphthalenide, sodium
anthracenide, lithium anthracenide, sodium biphenylide
or lithium biphenylide; alkali metal-polyether solvates;
alkali metal-crown ether solvates; alkali metal-cryptate
solvates, etc. Preferably, the reducing agent is an alkali
metal arene salt. More preferably, the reducing agent is
a combination of an alkali metal cation and an anion of

an aromatic electron transfer compound, such biphenyl,
anthracene, or naphthalene. Most preferably, the reduc
ing agent is preformed. Of the preformed alkali metal
arene salts, the most preferred is lithium biphenylide.
This variety of macrocyclic polyethers, cryptates,
polyenes and the like in combination with an alkali
metal (e.g., an alkali metal arene salt) can be used di
rectly as the soluble source of electrons, or they can be

50

used as the solubilized reducing agent to form the solu
ble highly reactive metal species, which act as the solu
ble source of electrons. Solubilized reducing agents can
be combined with a soluble metal salt to form a soluble

it is meant that the reduction of the soluble metal salt

generates a physical mixture of formally zerovalent
soluble metal atoms and the solubilizing agent.
In order to obtain the soluble formally zerovalent
metal atoms that are a part of the soluble highly reactive
metal species, a soluble metal salt is combined with a
Solubilized reducing agent in an ethereal, polyethereal
or hydrocarbon solvent. Any soluble (as defined above
in the description of a soluble source of electrons) metal
salt that can be exposed to a solubilized reducing agent
in an ethereal, polyethereal or hydrocarbon solvent to
form soluble formally zerovalent metal atoms can be
used in the method of the present invention. These salts
include soluble calcium(II) salts, soluble barium(II)
salts, soluble strontium(II) salts and soluble copper(I
and/or II) salts. Preferably, soluble highly reactive
barium, strontium, or calcium is used in the present

Generally, the solubilized reducing agent that is com
bined with the soluble metal salt to form formally
zerovalent soluble metal atoms can be any solubilized
reducing agent that is capable of reducing soluble metal
salts in an ethereal, polyethereal, or hydrocarbon Soi
vent. Any reducing agent having a reduction potential
of -1.5 volts, or more negative, relative to SCE will
satisfy this relation. It is preferred, however, if the re
ducing agent has a reduction potential of -1.8 volts or
more negative, and most preferred if the reducing agent
has a reduction potential of about -2.0 volts or more
negative. Preferably the reduction of the soluble metal
salts takes place in an ethereal or polyethereal solvent,
and more preferably in tetrahydrofuran.
The solubilized reducing agent can be any of the
variety of macrocyclic polyethers, cryptates, polyenes

55

highly reactive species (i.e., soluble formally zerovalent
metal atoms in combination with a solubilizing agent).
The solubilizing agent that is in combination with the
formally zerovalent metal atoms can be any of the vari
ety of macrocyclic polyethers, cryptates, or polyenes,
and the like discussed previously with respect to the
solubilized reducing agent. The solubilizing agent is
obtained from the solubilized reducing agent and is
preferably capable of interacting with the formally
Zerovalent metal atoms in such a manner that a less

65

reactive finely divided powder does not precipitate out
of solution to any significant extent. By this it is meant
that the soluble formally zerovalent metal atoms are
preferably substantially completely soluble in an ethe
real, polyethereal, or hydrocarbon solvent with only
about 20% or less of the soluble metal atoms in a solid

7
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In sum, the polymers in accord with the present in
vention are made by combining a source of electrons
that is soluble in an ethereal, polyethereal, or hydrocar
bon solvent with an organic monomer or co-monomer
formally zerovalent metal atoms, is a polyene. More 5 as described herein. Most preferably, the soluble source
preferably, the solubilizing agent contains an aromatic of electrons is lithium biphenylide or lithium naphthale
polyene, i.e., an arene or polyarylene, such as an aro nide. Alternatively, the soluble source of electrons can
matic electron-transfer compound. Thus, in a preferred be a soluble highly reactive metal species, such as a
embodiment, the highly reactive soluble metal species is calcium, barium, or strontium species.
composed of formally zerovalent soluble metal atoms in O There are at least two methods for preparing the
combination or in complexation with a polyene in an soluble formally zerovalent highly reactive metal spe
cies suitable as a soluble source of electrons in accord
ethereal or polyethereal solvent.
In accord with the present invention, the soluble with the present invention. One method involves a one
highly reactive metal species, such as calcium, barium step reduction in an ethereal, polyethereal or hydrocar
or strontium, can be in combination with an alkali metal 15 bon solvent of a soluble metal salt, such as a Ca(II),
salt wherein the anion does not contain an acidic pro Ba(II) or Sr(II) salt. Specifically, this method includes
ton. Because the soluble highly reactive metal species is the reduction of a soluble metal salt in the presence of
preferably utilized within a short period of time after its an alkali metal, such as lithium, sodium or potassium,
preparation, it can be in complexation with the alkali and an equal molar amount of an electron transfer com
metal salt produced from the cation of the aromatic 20 pound, such as the aromatic electron transfer com
reducing agent and the anion of the soluble metal start pound naphthalene or biphenyl. The alkali metal is
ing material (i.e., soluble metal salt). The alkali metal of present in a molar equivalent amount, i.e., in a range of
the salt can be Li, Na, K, Rb, or Cs. Preferably it is Li, about 1.8-2.2 moles alkali metal per mole of the soluble
Na, or K, and most preferably it is Li or Na. The anion metal salt being reduced. It is desirable, however, to use
can be, but is not limited to, a nitrate, nitrite, sulfate, 25 a slight excess of the metal salt relative to the alkali
cyanide, and/or halide. Preferably, the anion is a halide metal, to decrease the chance that the reducing agent
or cyanide. Generally, this alkali metal salt is not be could interfere with the subsequent use of the highly
lieved to effect the reactivity of the soluble highly reac reactive metal species.
tive metal species; however, it may facilitate the reac
The reduction is typically complete in about 10
30 hours, and preferably in about five hours, with vigorous
tivity of the organic compounds.
In the most specific and preferred embodiment of the stirring of the mixture. For certain embodiments, the
soluble highly reactive metal species, as used as a solu reaction is observed to be "complete' when the green
state, i.e., a state without any significant interaction
with the solubilizing agent.
Preferably, the solubilizing agent, as provided by the
solubilized reducing agent to be in combination with the

ble source of electrons in accord with the present inven
tion, the metal species is composed of formally zerova
lent soluble metal atoms in combination with or com

plexed with, biphenyl and a lithium halide in tetrahy
drofuran.

Production of the soluble highly reactive metal spe
cies is conducted under conditions designed to prevent
its reoxidation and substantial precipitation as a metal
powder. Generally, these conditions include use of
ethereal, polyethereal, or hydrocarbon solvents and the

color, which is evidence of an alkali metal/aromatic

electron transfer complex, disappears. For other em
35 bodiments, the reaction is observed to be “complete'
when the green color appears, and remains. For still
other embodiments, completion of the reduction reac
tion is evidenced by the disappearance of lithium and
/or lack of formation of the bright green lithium naph
40 thalenide anion. Stirring may be necessary during this

reaction to prevent the reduced metal from coating
unused alkali metal and stopping the reaction.
In this one-step preparation method, the solubilized
metal salt, is generally always in excess in the reaction

exclusion of oxygen. Also, the conditions are controlled
so as to promote the existence of the metal atoms as
small soluble clusters and to avoid their agglomeration 45 flask, relative to the amount of the alkali metal/electron
into larger configurations that could precipitate out of transfer complex present. Herein, “solubilized' salt
solution. Larger clusters of metal atoms generally means the portion of the metal salt that has gone into
means lower solubility and lower reactivity.
solution. For solubie metal salts, this is not necessarily
Typically, these conditions include temperatures of the most preferred method of reduction because the

about 100° C. or less, an inert atmosphere, e.g., an ar- 50 surface of the lithium metal can be coated with metal
gon, nitrogen or helium atmosphere, a reaction time of atoms, which slows down the reduction.
about one hour, and an ether or polyether solvent such
A second method for the preparation of a reactive

as diethyl ether, dimethyl ether, tetrahydrofuran and
the like, or a hydrocarbon solvent. By “inert' atmo
sphere it is meant that the atmosphere is not contribut

ing atoms or molecules that are participating in the
formation of the soluble source of electrons or in the
polymerization process.
Typically, the molar ratio of the solubilized reducing
agent to the metal(II) salt, such as a Ca(II) salt, a Ba(II)
salt, or a Sr(II) salt, is about 2:1 for a molar equivalent
amount; however, the salts can be in excess. Preferably,
the salt is present in an amount of about 1.1-2.0 molar
equivalents, and more preferably in an amount of about

1.5-2.0 molar equivalents, per mole equivalent of reduc
ing agent. Excess salt is used to ensure there is little or
no reducing agent present to interfere with subsequent
reactions.

55

soluble metal species involves a two-step reduction of a
metal salt in an ethereal, polyethereal or hydrocarbon
solvent using a preformed reducing agent. By "pre

formed' it is meant that for each mole of the alkali

metal, about 1-1.2 moles of an electron transfer com

pound are allowed to react substantially completely,
i.e., until substantially all the alkali metal is consumed,
before contacting any soluble metal salts. The formation

of the preformed reducing agent preferably takes place
in an ethereal, polyethereal, or hydrocarbon solvent,
and generally is substantially complete in less than
about eight hours, preferably in less than about two

65 hours.

An approximate molar equivalent amount of the
metal salt in a solvent, e.g., CaCl2 in THF, is then
slowly (over a period of about 5 to 15 minutes) trans

5,436,315
ferred into the solution of the preformed reducing

10
omers, such as alkyimonocarbyne monomers, arylbis

tively, the preformed reducing agent can be added to

carbyne monomers, alkyltriscarbyne monomers and
aryltriscarbyne monomers, and mixtures thereof can be

carbyne monomers, alkyibiscarbyne monomers, aryibis

agent, e.g., lithium naphthalenide in THF. Alterna
the metal salt.

The reduction of the metal salt in the second step of
this two step method using a preformed reducing agent
is typically carried out in less than about eight hours,
preferably in less than about two hours, and more pref
erably in less than about one hour. Preferably, the total
reaction time for both steps is less than about eight
hours. This two-step method is advantageous for solu
ble metal salts, when compared to the previously dis

polymerized in accord with the present invention. Spe
cific examples include: a,a,a-trichlorotoluene, 1,1,1-tri
chloropentane, 1,1,1-tribromopropane, 1,1,1,5,5,5-hexa
chloropentane, and 2-trichloromethylnaphthalene.
In addition, these monomers can be combined into
O

carbyne molecules can be combined to form an alkyl

cussed method, at least because it involves a shorter
reaction time and it decreases, if not eliminates, the

problem of the resultant reduced metal coating the
alkali metal. Generally this method forms highly reac
tive soluble metals of approximately the same reactivity
as does the previously discussed method.
The alkali metal complex reducing agents, e.g., lith
ium naphthalenide, can also be generated by electro

carbyne co-monomer and two or more types of arylalk
15

20

e.g., naphthalene, using an alkali metal salt, e.g., a lith

ium halide, as the electrolyte. That is, an alkali metal

25

ful electrodes can be in any of a variety of forms. They

can be solid, porous, or in the form of a slurry. The

electrochemical route is advantageous and preferred at
least because it avoids the use of alkali metals, which

can be quite dangerous.

As a representative example of this procedure, naph
thalene can be reduced in an inert atmosphere in the
presence of a lithium salt, as the electrolyte, in THF.
The electrode can be a large surface area electrode to
facilitate the reduction. Once the lithium naphthalenide

35

is formed, it can be transferred to the metal salt, or the
metal salt can be transferred to it, for formation of the
soluble zerovalent highly reactive metal species.
Once formed the soluble zerovalent highly reactive
metal can be isolated and washed to remove any unre
acted starting materials, side products, or excess reduc
ing agent, if so desired. It is generally stable and can be

stored for several years attemperatures ranging from 0

45

C. to 30 C. It can be stored in a dry state, in mineral oil

as a paste, in an ethereal or hydrocarbon solvent as a
suspension, or in a paraffin wax matrix. It is desirable,
however, for the zerovalent highly reactive metal to be
stored under an inert atmosphere, such as argon, helium

50

or nitrogen.

Carbyne Monomers
Polymers containing carbyne groups can be made
from a wide variety of arylcarbyne monomers, arylcar
byne co-monomers, alkylcarbyne monomers, alkylcar
byne co-monomers, arylalkylcarbyne monomers, ary
lalkylcarbyne co-monomers, arylcarbyne-alkylcarbyne
CO-mononers,

arylcarbyne-arylalkylcarbyne

55

CC

monomers, and alkylcarbyne-arylalkylcarbyne co
monomers. When the soluble source of electrons is

combined with one of these types of monomers or co
monomers in an ethereal, polyethereal, or hydrocarbon
solvent, polycarbynes are formed.
A variety of aryl, alkyl and/or arylalkyl carbyne-con
taining monomers and co-monomers can be polymer
ized in accord to the present invention. For example,
any arylcarbyne monomers and any alkylcarbyne non

ylcarbyne molecules can be combined to form an ary
alkylcarbyne co-monomer. In addition, one or more

types of alkylcarbyne molecules can be combined with

chemical reduction of an electron transfer compound,

complex reducing agent can be formed electrochemi
cally. This can be carried out in an electrochemical cell
containing an ethereal or polyethereal solvent using an
electrode of palladium, platinum, carbon, or gold. Use

co-monomers and polymerized. Two or more types of
arylcarbyne molecules can be combined to form an
arylcarbyne co-monomer, two or more types of alkyl

65

one or more types of arylcarbyne molecules to form an
arylcarbyne-alkylcarbyne comonomer. For example,
arylmonocarbyne-arylbiscarbyne co-monomers, alkyl
monocarbyne-alkylbiscarbyne co-monomers, aryl
monocarbyne-alkylmonocarbyne co-monomers, aryl
monocarbyne-alkylbiscarbyne co-monomers, arylbis
carby nealkyl-biscarbyne co-monomers, alkyimonocar
byne co-monomers (i.e., two or more different types of
alkyl containing molecules can be co-monomers), aryl
monocarbyne co-monomers (i.e., two or more different
types of aryl containing molecules can be co-monom
ers), and any other mixture or combination variations of
alkylcarbyne, arylcarbyne and/or arylalkylcarbyne
co-monomers can all be polymerized to form polycar
byne polymers in accord with the present invention.
The polycarbyne polymers formed from co-monomers
can be block and/or random polymers. As used herein,
the term “block” refers to a polymer in which mole
cules of the same type are grouped together in particu
lar sections of the polymer chain. As used herein, the
term “random” refers to a polymer in which molecules
of the same type may or may not be grouped together in
a particular part of the chain.
The carbyne-containing monomers and/or co
monomers can also contain non-carbyne-containing
functional groups or inorganic atoms or groups. Any
such group that does not become involved in or inter
fere with the polymerization in an ethereal, polye
thereal or hydrocarbon solvent, can be contained in the
carbyne-containing monomer or co-monomer of the
present invention. For example, nitrile and/or ether

groups can be attached to an aryl group and/or alkyl
group in an arylcarbyne monomer or co-monomer,
alkylcarbyne monomer or co-monomer, arylalkylcar

byne or arylcarbyne-alkylcarbyne co-monomer. There
fore, the resulting polymer can contain carbyne groups
and other functional groups. Other groups, such as
those containing nitrogen, sulfur, phosphorus, oxygen,
and silicon may also be included in the carbyne contain
ing monomer or co-monomer.
The number of carbyne groups and other functional
groups contained in the monomer or co-monomer, and
thus, the resulting polymer, can vary with the type of
characteristics and/or properties required by the situa

tion in which the polymer is to be used. The molecule(s)
selected to be included in the Inonomer or co-mononer
will dictate what functional groups will be included in
the polymer, the number and location of the carbyne
groups bonded to the aryl and/or alkyl groups in the
polymer, and many of the polymer's physical proper
ties.

5,436,315
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In accord with the present invention the carbyne polymerizes into a poly(airylcarbyne) when combined
11

group(s) can be bonded to an alkyl group contained in a
monomer or co-monomer or to any position on an aryl
group in a monomer or co-monomer. For branched or
long chain alkyl groups, the carbyne is bonded to a
terminal carbon, e.g., of a methylene group. Monomers
and co-monomers containing one or more carbyne
groups can be polymerized using the methods of the
present invention. Monomers and co-monomers con
taining at least two carbon atoms are useable for the
present invention. However, monomers and/or co

O

monomers with at least three carbon atoms and not

trihalotoluene, such as a,a,a-trichlorotoluene or 1,4-

bis(trichloromethyl)-benzene is used in the present in

more than 200 carbon atoms are preferred. Monomers

and/or co-monomers that have at least three and not

more than 100 carbon atoms are more preferred.
As the variety of molecular structures included in the
monomers and/or co-monomers increases, the resulting
polycarbyne polymers can have higher molecular

vention.
15

weights, and as the number of different types of mole

25

30

co-monomer, which polymerizes into a poly(alkylcar
byne), or a 2-trihaloanthracene can be combined with
35

make a synthetic diamond material or formed into fibers

groups forming the carbyne group with a carbon atom
are replaced either directly or indirectly by carbon.
Leaving groups should be ions that can be replaced by

carbon atoms. Preferably, the leaving groups are easily
replaced by carbon atoms in an ethereal, polyethereal,
or hydrocarbon solvent.
Some examples of leaving groups that could be in

45
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monomer and/or co-monomers, which can then be

polymerized to form polycarbyne polymers. Preferably,
the carbyne group is attached to an aryl compound that

an C, a,c-trihalotoluene to form a poly(arylcarbyne).
Moreover, an arylcarbyne-containing compound and
an arylbiscarbyne-containing compound can be com
bined in virtually any proportional amounts to form an
arylbiscarbyne-arylmonocarbyne co-monomer, for ex
ample. In addition, an alkyl carbyne-containing com
pound can be combined with an alkylbiscarbyne-con
taining compound to form an alkylbiscarbyne-alkyl
monocarbyne co-monomer. These co-monomer poly
merize into soluble poly(airylcarbyne) and poly(alkyl
carbyne) compounds that can exhibit higher molecular
weights and higher yields (i.e., over 80%). The films
made of these novel polymers can also exhibit less
cracking and more adhesion than films of polymers

formed from a monomer containing one type of arylcar
byne or alkylcarbyne molecule. Although the mono
alkylcarbyne and bisalkylcarbyne and the monoarylcar
byne and bisarylcarbyne co-monomers can be combined
in any proportion to form an alkylcarbyne co-monomer
and/or an arylcarbyne co-monomer in accord with the
present invention, a mono and bis co-monomer with
40% or less of the bis-molecule is preferred.

A monomer, in accord with the present invention,
may contain any number of different types of molecules.
Furthermore, several different alkylcarbyne-containing

cluded in the carbyne group in accord with the present
invention are as follows: a halide, a rosylate, a cyanide,
an ammonium salt, a phosphonium salt, a triflate, a
nitrate, a sulfate, and/or a nitrile. Preferably, the leav

ing groups included in the carbyne group are halides,
and most preferably, chlorides.
These three leaving groups are attached to a carbon
atom to form a carbyne group, and the carbyne group
can be attached to a wide variety of aryl and alkyl

reacts with a carbyne-containing alkyl monomer or
co-monomer to form a poly(alkylcarbyne) polymer.
Some examples of carbyne-containing alkyl monomers
that can be used in the present invention include, but are
not limited to: 1,1,1-trihalopropane, 1,1,1,3,3,3-hex
ahalopropane, 1,1,1-trihalobutane, 1,1,1,5,5,5-hexahalo
pentane or 1,1,1-trihalopentane and the like.
In another embodiment, aryl and/or alkyl carbyne
containing compounds can be combined to form a co
monomer that can be polymerized in accord with the
present invention. Different alkyl or aryl- or alkylaryl
carbyne-containing molecules can be combined to form
a co-monomer. For example, a 1,1,1-trihalopentane can
be combined with a 1,1,1,-trihalobutane to form an alkyl

byne and/or alkylcarbyne co-monomers could be

formed into sheets and treated, preferably pyrolized to
to make ropes or protective clothing. Applications re
quiring harder, stronger, and more crystallized poly
mers would use an arylcarbyne or alkylcarbyne mono
mer. For example, arylcarbyne or alkylcarbyne mono
mers would form polymers that could replace metals.
During polymerization of an alkyl and/or aryl car
byne monomer or co-monomer, the three leaving

In accord with the present invention, the aryl group
in the monomer could be replaced with an alkyl group.
In this embodiment, the soluble source of electrons

cules included in the monomers or co-monomers in 20

creases, the polymers become more soluble. For exam
ple, a polycarbyne formed from an arylmonocarbyne
arylbiscarbyne co-monomer typically will have a
higher molecular weight and be more soluble in an
ethereal, polyethereal or hydrocarbon solvent than a
polycarbyne formed from an arylmonocarbyne mono
mer. In addition, a polycarbyne formed from an aryl
monocarbyne-alkylmonocarbyne co-monomer will typ
ically have a higher molecular weight and be more
soluble than a polycarbyne formed from an aryl
monocarbyne-arylbiscarbyne co-monomer because the
latter carbyne co-monomer will be less soluble in an
ethereal, polyethereal or hydrocarbon solvent, and
thus, will not form chains with a molecular weight as
high as a more soluble monomer or co-monomer.
Co-monomers could be utilized in applications re
quiring higher molecular weight, more soluble, and
more amorphous polymers, such as those applications in
which films or fibers are formed. For example, arylcar

with the soluble source of electrons. The aryl mono
mers can have one or more aromatic rings, and the
carbyne groups can be attached to any position on the
aryl moiety. For example, carbyne groups can be at
tached to the para, ortho or meta positions of one or
more phenyl groups. Some examples of aryl monomers
that can be used in the present invention include, but are
not limited to o,a,a-trihalotoluene, 1- or 2-trihalome
thylnaphthalene, 1,4-bis(trihalomethyl)-benzene, 2
trihalomethylanthracene, and the like. Preferably, a

molecules may be combined to form a co-monomer,

several different arylcarbyne-containing molecules, for
example, may be combined to form a co-monomer, or
several different aryland alkyl carbyne-containing mol
ecules may be combined to form a co-monomer. Any
65

monomer useable in the present invention is available
commercially or can be prepared by a specialty chemi
cal company, such as Aldrich Chemical Co. in Milwau
kee, Wis. The carbyne molecules that form a co
monomer can be combined in any proportional amount

5,436,315
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in an ethereal, polyethereal or hydrocarbon solvent to

14
about 10,000 and not greater than about 200,000. The

form a co-monomer. The number of and amount of the
different molecules included in the co-monomer will be

number of monomer units that are included in the poly
mer can also vary. The length of the polymer is typi
cally determined by the type of polymeric material to

dependent upon the application in which the resulting
polycarbyne will be used. The amount of each different
type of molecule in a co-monomer to be polymerized

into a synthetic diamond material, for example, can
vary, but preferably will contain no more than 40
mol-% of one type of molecule.
The source of soluble electrons and the organic mon

be formed, and the application in which the polymeric
material will be used. There are at least two monomer

O

oners and co-monomer are combined under conditions

to preserve the reactivity of the soluble source of elec
trons. These conditions include atmospheric pressure,
relatively low temperatures (i.e., less than about 100
C.), and an environment containing an inert gas. Prefer
ably, the source of soluble electrons and the organic
reactants are combined in an ethereal, polyethereal, or
hydrocarbon solvent under an inert gas, such as argon,
nitrogen and/or helium, at temperatures well below
100° C. More preferably, the source of soluble electrons
and the aryl and/or alkyi reactants are combined in an
ethereal or polyethereal solvent under argon attemper
atures below O C. After combining the reactants at low
temperatures, the mixture is then warmed to room tem
perature (i.e., 25 C. to 30° C.) and refluxed at a higher
temperature. The reaction mixture is then cooled to
room temperature and water is added slowly. The or
ganic and aqueous layers are separated by any means

least about 10 and not more than about 100,000 mono

mer units included in the polymer.
Overall, the polycarbyne polymer has a three-dimen
sional tetrahedral structure much like natural diamond.
5

During polymerization, the leaving groups, attached to
the carbon atom that is included in the carbyne group,
are replaced by the carbon atoms included in the car
byne groups of other monomer or co-monomer mole
cules, and the number of carbon-carbon bonds in

creases. Due to the large number of carbon-carbon
bonds, the resulting polymer can withstand a variety of
extreme conditions.

25

well-known in the art, and the organic layer is filtered
and concentrated under vacuum. Addition of a solvent,

units in the polymer. Preferably, the number of mono
mer units included in the polymer is at least two and not
greater than about 500,000. More preferably, there at

The following are examples of general configurations
for polycarbyne polymers in accord with the present
invention. The first formula (1) represents a polycar
byne formed from a monocarbyne monomer.
Ri-C

30

such as methanol to the organic layer, gives a precipi
tate, which should be collected by filtration and purified
by reprecipitation with a solvent such as ethanol, from
the ethereal, polyethereal, or hydrocarbon solvent. The
product should then be dried under vacuum.
Polycarbyne Polymers
Generally, the resulting polycarbynes are novel.
These polycarbynes have a tetrahedral three dimen
sional network, which is formed during polymerization
and is much like the three dimensional network of natu
ral diamond. This tetrahedral three dimensional net

work differentiates polycarbynes from other two di
mensional linear or branched polymers that have the
same formulas as polycarbynes. These polycarbynes 45
are, typically, solid strong polymers that withstand
extreme conditions and can be used to form a variety of
types of materials. For example, these polymers can be
resolubilized to form films and then pyrolized, or other
wise appropriately treated, to make synthetic diamond SO
materials. These polycarbynes can be resolubilized to
form fibers and filaments to make protective clothing.
Many of these novel polyarylcarbynes and/or polyalk
ycarbynes and the like can be used to replace metal and
other hard solid materials. Some examples of these re
sulting polymers include: poly(phenylcarbyne), poly(phenyldicarbyne), poly(methyldicarbyne), poly(propylcarbyne) and the like.
The present invention, typically, provides reasonably
high yields of these polycarbynes. Preferably, the yields
in accord with the present invention are at least about
30%, more preferably at least about 40%, and most
preferably at least about 60%.
The molecular weights of these polymers can vary
according to the application for which they are used. 65
Preferably, the polymers have an average molecular
weight of at least about 5,000. More preferably, the
polymers have an average molecular weight of at least

/
N

()
p

The “R” represents the aryl, alkyl or arylalkyl group
containing at least one carbon and not more than 100
carbon atoms that is bonded to the carbyne group in the
monocarbyne monomer. In this particular representa
tion R is the same throughout the polymer. Preferably,
'R' contains at least one and not more than 50 carbon

atoms, and more preferably not more than 25 carbon
atoms. If R is an arly group, it preferably has at least
seven carbon atoms and more preferably at least ten
carbon atoms. The “p” represents the number of mono
mer units contained in the polycarbyne polymer and is
at least two. Preferably, "p' is at least three and not
greater than about 500,000. More preferably, “p” is at
least three and not greater than about 100,000.
The second formula (2) represents a polycarbyne
formed from a monocarbyne co-monomer containing
two different types of monocarbyne molecules.
/
R1-C
N

p

N
C-R2
/

(2)

The “R1 represents the aryl, alkyl or arylalkyl group
containing at least one carbon and not more than 100
carbon atoms that is bonded to the carbyne group in one
of the monomer units contained in the co-monomer.

The “R2 represents the aryl, alkyl or arylalkyl group
containing at least one carbon and not more than 100
carbon atoms that is bonded to the carbyne group in
another monomer unit contained in the co-monomer.

The aryl, alkyl or arylalkyl group of R1 is different from
the aryl, alkyl or arylalkyl group of “R2. Preferably,
R1 and R2 each contain at least two carbon atoms and

not more than 50 carbon atoms, and most preferably
each does not contain more than 25 carbon atoms. The
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of monocarbyne molecules in the polymer, and the "p'
represents the number of biscarbyne molecules in the
polymer. The “n” is at least one. The "p' is at least one.
The sum of n and p is the total number of monomer
units in the polymer. The sum of n and p is at least two
and preferably, at least two and not greater than about
500,000. Most preferably, the sun of n and p is at least
two and not greater than 100,000. Polycarbynes can

“p’ represents the number of R monocarbyne mole

cules contained in the polycarbyne and is at least one.
Preferably, p is at least one and less than about 500,000.
More preferably, p is at least one and less than about
100,000. The “n” represents the number of R2 monocar
byne molecules contained in the polycarbyne, and n is
at least one. Preferably, n is at least one and less than
about 500,000. More preferably, n is at least one and less
than about 100,000. Most preferably, the sum of p and n
is not greater than about 100,000. The dotted line repre
senting the bond between the carbyne groups contained
in each type of molecule indicates that the molecules
can be in a random or block sequence in the polymer
chain. Additional formulas can be written for three or
more monocarbyne molecules that each contain differ
ent “R” groups. In general, the polycarbynes resulting

also be formed from monomers and/or co-monomers
O

15

from all of the varieties of monocarbyne monomers and

monocarbyne co-monomers useable in the present in
vention are represented by formula (3).
20

(3)

(-k)

25

As shown by formulas (1) and (2), R can be the same or
30

different R contains at least two and not more than 25
carbon atoms. If R is the same in each monomer unit

and is an aryl group, it preferably has at least seven
carbon atoms and more preferably at least ten carbon
atoms. The "p' in formula (3) is at least two and repre
sents the number of monomer units in the polycarbyne.
Preferably, p is at least two and not greater than about
500,000. More preferably, p is at least two and not
greater than about 100,000. A polycarbyne formed from
a monocarbyne co-monomer may be in a random or
block sequence.
The same type of general formula can represent a
polydicarbyne, which is formed from a biscarbyne mon
omer or a biscarbyne co-monomer. Formula (4) repre
sents the general formula for a polydicarbyne. As stated
above, R can be the same or different, from monomer
unit to monomer unit, and when R is different, a random

35

C-R-C

M

45

N

R-C

/

N

NJ

/

C-R-C

/
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(5)

NJ
65

In formula (5), as previously stated, R can be the same
or different, and when R is different, a random or block
polymer can be formed. The “n” represents the number

N

P

The “i' represents the number of carbyne groups in a
monomer unit and can vary from monomer unit to
monomer unit. There is at least one carbyne group in
polymer can be formed. The "p' represents the number
of monomer units in the polymer and is at least two.
Preferably, p is at least two and not greater than about
500,000. More preferably, p is at least two and not
greater than about 100,000.
As required, detailed embodiments of the present

invention are disclosed herein. However, it is to be
understood that the disclosed embodiments are merely

EXPERIMENTAL EXAMPLES

(4) 50

Moreover, the same type of formula can represent a
polycarbyne formed by combining at least one mono
carbyne molecule and one biscarbyne molecule. For
mula (5) represents a polycarbyne formed from a mono
carbyne-biscarbyne co-monomer.

R-C

exemplary of the present invention which may be em
bodied in various systems. Therefore, specific details
disclosed herein are not to be interpreted as limiting, but
rather as a basis for the claims and as a representative
basis for teaching one skilled in the art to variously
practice the present invention.

or block polymer can be formed.
/

( {}

(6)

each monomer unit. R as stated above, can be the same
or different, and when different, a random or block

different, and preferably, each different R contains at
least one and not more than 100 carbon atoms. More
preferably, each different R contains at least two and
not more than 50 carbon atoms. Most preferably, each

containing molecules that have more than two carbyne
groups. As shown by formula (5), molecules containing
more than one carbyne group can combine with mole
cules containing one or more carbyne groups to form a
co-monomer. Formula (6) represents the three dimen
sional tetrahedral network of any polycarbyne in ac
cord with the present invention.

1H NMR (CDCl3) spectra were obtained using an
Omega-500 (500 MHz) or an Omega-300 (300 MHz)
NMR spectrometer. All chemical shifts are reported in
parts per million (6) downfield from internal tetrame
thylsilane. Fully decoupled 13C NMR spectra and were
obtained from an Omega-500 (500 MHz) or an Omega
300 (300 MHz) NMR spectrometer. The center peak of
CDCl3(77.0 ppm) was used as the internal reference. IR
spectra were taken on an Analect RFX-65 Fourier
Transform Infrared (FTIR) spectrometer. The spectra
were taken with neat polymer film cast from CHCl3
solution on NaCl disks. Fluorescence spectra were
taken on a Shimadzu RF-540 spectrofluorophotometer
with a polymer solution of cyclohexane (excitation
wavelength=300 nm). UV-vis spectra were taken on a
Shimadzu UV 160 U recording spectrophotometer with
polymer solution in cyclohexane. Low-temperature
reactions were performed utilizing a Neslab En
docal TM ULT-80 refrigerated circulating bath or uti
lizing dry ice/acetone baths. All manipulations were
carried out on a dual manifold vacuum/argon system.
The Lindef prepurified grade argon was further puri
fied by passing it through a 150 C. catalyst column
(BASFTM R3-11), a phosphorous pentoxide column,
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and a column of granular potassium hydroxide. Lithium
and naphthalene, biphenyl, or anthracene were weighed
out and charged into reaction flasks under argon in a
Vacuum Atmospheres Company dry box. Molecular

weights were determined on a Waters GPC (relative
polystyrene standard) with a Waters Ultrastyragel lin
ear column at room temperature using tetrahydrofuran

(THF) as the eluent. Tetrahydrofuran was freshly dis
tilled under argon from sodium-potassium alloy. Pen
tane was dried over a sodium-potassium alloy. Reagents
were purchased from Cerac, Inc. or Aldrich Chemical

10

Co., both of Milwaukee, Wis.
EXAMPLE

Preparation of Poly(phenylcarbyne) Using Highly

5

Reactive Calcium

18
nance at 128 ppm is caused by the other five carbons of
phenyl ring, a very broad resonance center at 50 ppm is
caused by the quaternary carbon of poly(phenylcar
byne).
As shown in FIG. 1, the UV-vis electronic spectrum
exhibited an intense broad absorption which started at a
wavelength. As 200 nm and decreased to 460 nm. Corre
sponding to the electronic absorbance, an intensive,
broad fluorescence peak with Ana at 460 nm was found
in the fluorescence spectrum of the polymer. Both UV
vis and fluorescence properties were consistent with the
poly(phenylcarbyne) structure. The elemental analysis
of the polymer compared well with the empirical for
mula (C6H5C) of poly(phenylcarbyne).
EXAMPLE 2

Preparation of Poly(phenylcarbyne) Using Highly

Lithium (0.06 mol) and biphenyl (0.066 mol) in a 100

ml flask were stirred in freshly distilled tetrahydrofuran

Reactive Strontiun

(THF) (40 ml) at room temperature under argon until
the lithium was completely consumed (approx. 2 hours).
To a well-suspended solution of Cal2 (0.03 mol) in THF
(40 ml) in a 250 ml flask, the preformed lithium bipheny
lide was transferred via cannula at room temperature
(i.e., about 25°C. to about 30° C). The solution of highly
reactive calcium was stirred for one hour at room tem
perature. The highly reactive calcium is dark-green in
color and is essentially homogeneous in THF. A solu
tion of ca,a,a-trichlorotoluene (0.019 mol) in 10 ml dry
pentane was then added via a cannula at -78 C. The

For Example 2, the same procedure as disclosed in
Example 1 was followed. However, instead of using

25

Ca2 and reducing calcium, Srbr2 was used and stron
tium was reduced. This method produced a 42% yield
of poly(phenylcarbyne). The spectral data for the re
sulting compound was also the same as disclosed in
Example 1.
EXAMPLE 3

Preparation of Poly(phenylcarbyne) Using Highly

reaction mixture was then warmed to room temperature

Reactive Barium

and refluxed for four hours at 67° C. The reaction mix

For Example 3, the same procedure as disclosed in
Example 1 was followed. However, Ba12 was used in

ture was then cooled to room temperature, and 100 ml
of water were added slowly. The organic layer was
then separated from the aqueous layer. The organic
layer was faltered and concentrated in volume to 25 ml
under vacuum. Addition of methanol (100 ml) to the
organic layer gave a tan precipitate, which was col
lected by filtration and purified by reprecipitation with
ethanol from a THF solution. The yielded tan powder
was dried at 100 C. under vacuum for 24 hours, giving
0.80 g (46%) of poly(phenylcarbyne).
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Preparation of Poly(phenylcarbyne) Using Lithium and
Biphenyl
Lithium (0.06 mol) and biphenyl (0.066 mol) in 100 ml
flask were stirred in freshly distilled THF (40 ml) at
room temperature under argon until the lithium was
completely consumed (approx. 2 hours). A solution of
a,a,a-trichlorotoluene (0.019 mol) in 10 ml dry THF

P

was the added via cannula at -78 C. The reaction

/ EN

refluxed for 4 hours at 67° C. The reaction mixture was

TF
reflux

poly(phenylcarbyne). The resulting compound had
spectral data analogous to that disclosed in Example 1.
EXAMPLE 4

2LitBiPhi -- Cal.2 -Ge. Ca(BiPh)2 - 2LiI

PhCC13 - 1.5 Ca(BiPH)

stead of Ca2, and therefore barium instead of calcium
was reduced. This method produced a 42% yield of

mixture was then warmed to room temperature and

then cooled to room temperature and 100 ml of water
were added slowly. The organic layer was then sepa
rated from the aqueous layer. The organic layer was

The spectral analysis (FTIR, H & 13C NMR, UV,

Fluorescence) proved the polymer obtained using this
methodology was almost exactly the same as the poly(phenylcarbyne) reported by Visscher et al. in Science,
260, 1496-1499 (1993). The poly(phenylcarbyne) is a
random three-dimensional network. Infrared spectra
showed only monosubstituted phenyl groups present

filtered and concentrated in volume to 25 ml under

vacuum. Addition of methanol (100 ml) to the organic
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layer gave a tan precipitate, which was collected by
filtration and purified by reprecipitation with ethanol
from a THF solution. This precipitate was then dried

under vacuum at 100 C. for 24 hours, giving 1.03 g
(strong absorbance at 698 cm (6monol) and 756 cm
(Ömonoz) for two out-of-plane vibrations of monosub (61%) of poly(phenylcarbyne).
stituted benzene ring). No absorbance of di- and tri-sub 60 1H NMR (500 MHz, CDCl3): 8=7.4 ppm (br, C6Hs).
stituted benzene rings was found. No absorbance of 13C NMR (500 MHz, CDC113): 8=140, 128 (br, C6Hss),
aliphatic C=C was found. The H NMR spectrum and 50 ppm (br, C6H5C). Infrared (film cast from
displayed a dominant aromatic proton resonance at 7.3 CHC13 solution onto NaCl disc): 3053(s), 3022(s),
parts per million (ppm). The terminal proton of the 2920(s), 2930(s), 2850(s), 1948(m), 1884(m), 1805(w),
polymer network caused the very weak resonance 65 1600(s), 1493(s), 1180(m), 1157(m), 1030(m), 914(w),
around 3.5 ppm. The 13C NMR spectrum exhibited 756(s), 667(w), 696 cm-l(s). UV-vis (cyclohexane):
three resonances, one center at 140 ppm is attributed to onset at 460 nm, increased gradually in intensity with
the ipso-carbon of pheny ting, and an intensive reso decreasing wavelength to 200 nm. Fluorescence (cyclo

5,436,315

19
hexane, excitation wavelength = 300 nm): Anaxas: 460

20
purification by reprecipitation with ethanol from THF

solution.

.

EXAMPLE 5

EXAMPLE 7

Preparation of Poly(phenyldicarbyne) Using Highly

5

Reactive Barium

Lithium (0.06 mol) and biphenyl (0.066 mol) in a 100
ml flask were stirred in freshly distilled THF (50 ml) at
room temperature under argon until the lithium was
completely consumed (approx. 2 hours). To a well-sus
pended solution of Ba12 (0.03 mol) in THF (30 ml) in a
250 ml flask, the preformed lithium biphenylide was
transferred via a cannula at room temperature. The
solution of highly reactive barium was stirred for one
hour at room temperature. A solution of 1,4-bis(tri
chloromethyl)-benzene (0.01 mol) in 10 ml dry THF

O
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was then added at a controlled rate over 30 minutes via
cannula at -78 C. The reaction mixture was then

warmed to room temperature and refluxed for two

Preparation of Poly(methyldicarbyne) Using
1,1,1,3,3,3-hexachloropropane
Lithium (0.12 mol) and biphenyl (0.132 tool) in a 100
ml flask is stirred in freshly distilled tetrahydrofuran
(THF) (80 ml) at room temperature under argon until
the lithium is completely consumed (approx. 2 hours).
To a well-suspended solution of Ca2 (0.06 mol) in THF
(80 ml) in a 250 ml flask, the preformed lithium bipheny
lide is transferred via cannula at room temperature. The
solution of highly reactive calcium is stirred for one
hour at room temperature. The highly reactive calcium
is dark-green in color and is essentially homogeneous in
THF. A solution of 1,1,1,3,3,3-hexachloropropane
(0.019 mol) in 10 ml dry pentane is then added via a

hours at 67 C. The reaction mixture was then cooled to 20 cannula at -78 C. The reaction mixture is then

room temperature and 100 ml water were added slowly,
after which the organic layer was separated from the
aqueous layer. The organic layer was filtered, and the
precipitate was collected and extracted with methanol
and hexane, dried under a vacuum at room temperature
for 24 hours and resulted in 1.05 g (100%) poly(phenyl
dicarbyne), which was a yellow-brown insoluble pow
der. Infrared (KBr pressed pellet): 3053(s), 3022(s),
2920(s), 2930(s), 2850(S), 1948(m), 1884(m), 1805(w),
1600(s), 1493(s), 1444(s), 1180(m), 1157(m), 1030(m),

warmed to room temperature and refluxed for four
hours at 67 C. The reaction mixture is then cooled to

room temperature, and 100 ml of water are added

25

30

914(w), 835(s), 760(w), and 698(w) cm 1. The strong
Peak for 1,4-disubstituted benzene appeared.
C
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C

THF, Ar. G

O -- 3Bat -78refluxC. to

c-(O)-c

C

C

in volume to 25 ml under vacuum. The product is iso
lated upon the addition of methanol (100 ml) to the
organic layer, collection by filtration, purification by
reprecipitation with ethanol from THF solution.
EXAMPLE 8

C Cl

N/

slowly. The organic layer is then separated from the
aqueous. The organic layer is filtered and concentrated

/N

C1 Cl

Preparation of a Polycarbyne Using a
Monocarbyne-Biscarbyne Co-Monomer
Lithium (0.06 mol) and biphenyl (0.066 mol) in a 100
ml flask were stirred in freshly distilled THF (40 ml) at
room temperature under argon until the lithium was
completely consumed (approx. two hours). To a solu
tion of a,a,a-trichlorotoluene (0.016 mol) and 1,4-bis(trichloromethyl)-benzene (0.0016 mol) in 20 ml dry
THF in a 250 ml flask, the preformed lithium bipheny
lide was transferred at a controlled rate over 30 minutes
via cannula at -78 C. The reaction mixture was then

EXAMPLE 6

Preparation of Poly(propylcarbyne) Using 1,1,1
-trichloropropane.
Lithium (0.06 mol) and biphenyl (0.066 mol) in a 100
ml flask is stirred in freshly distilled tetrahydrofuran
(THF) (40 ml) at room temperature under argon until
the lithium is completely consumed (approx. 2 hours).
To a well-suspended solution of Ca2 (0.03 mol) in THF
(40 ml) in a 250 ml flask, the preformed lithium bipheny
lide is transferred via cannula at room temperature. The
solution of highly reactive calcium is stirred for one
hour at room temperature. The highly reactive calcium
is dark-green in color and is essentially homogeneous in
THF. A solution of 1,1,1-trichloropropane (0.019 mol)
in 10 ml dry pentane is then added via a cannula at -78

45

warmed to room temperature and refluxed for 10 hours
at 67 C. The reaction mixture was then cooled to room

temperature and 100 ml of water were added slowly.
The organic layer was then separated from the aqueous
layer. The organic layer was filtered and concentrated
50 in volume to 40 ml under a vacuum. When methanol

55

(100 ml) was added to the organic layer, a brown pre
cipitate formed. The precipitate was collected by filtra
tion and purified by reprecipitation with ethanol from
THF solution. The precipitate was then dried under a
vacuum at 100° C. for 24 hours giving 1.20 g (76%) of
a poly(phenylcarbyne) tan powder.
C1

C Cl

N /

C

C

C Cl

N/
C

C. The reaction mixture is then warmed to room tem

perature and refluxed for four hours at 67° C. The reac
tion mixture is then cooled to room temperature, and
100 ml of water are added slowly. The organic layer is
then separated from the aqueous. The organic layer is

0.8 O -- 0.08 O + 3Li+(BPh)- THE Are
65
C

filtered and concentrated in volume to 25ml in vacuum.

The product is isolated upon the addition of methanol
(100 ml) to the organic layer, collection by filtration and

C

/N

C Cl

21
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(O)--O-

5

What is claimed is:

1. A method for preparation of a polycarbyne com

prising: contacting a source of electrons which is solu
ble in an ethereal, polyethereal or hydrocarbon solvent
and has a reduction potential of -0.2 or more negative

10

relative to the standard calome electrode with a car

byne containing organic monomer or co-monomer in an
ethereal, polyethereal or hydrocarbon solvent to form a
polycarbyne; wherein said organic monomer contains
at least one carbyne group and said soluble source of
electrons is soluble in an ethereal, polyethereal, or hy

19. The method of claim 18 wherein the Imetal salt is

a Ca(II) salt, Ba(II) salt, Cu(I) salt, Cu(II) salt, or Sr(II)

15 Salt.

20. The method of claim 18 wherein the solubilized

reducing agent is an alkali metal complex of naphtha
lene, biphenyl, or anthracene.

drocarbon solvent.
2. The method of claim 1 wherein the source of elec
trons is at least 0.5 wt.% soluble.

21. The method of claim 20 wherein the Solubilized

3. The method of claim 1 wherein the carbyne con

taining organic monomer or co-monomer contains one
carbyne group.
4. The method of claim 3 wherein the carbyne con
taining organic monomer or co-monomer is an arylcar

25

byne.
5. The method of claim 3 wherein the carbyne con
byne.
6. The method of claim 1 wherein the carbyne con

taining organic monomer or co-monomer contains two

carbyne-groups.
7. The method of claim 6 wherein the carbyne con

carbyne.
8. The method of claim 7 wherein the carbyne con

35

taining organic monomer or co-monomer is a phenylbis
9. The method of claim 6 wherein the carbyne con
taining organic monomer or co-monomer is an alkylbis
carbyne.
10. The method of claim 1 wherein the carbyne con

taining organic monomer or co-monomer is an arylalk
taining co-monomer comprises a monocarbyne moiety
and a biscarbyne moiety.
12. The method of claim 10 wherein the carbyne
containing co-monomer contains an alkylcarbyne and
an arylcarbyne compound.

45

organic monomer in an ethereal, polyethereal or
hydrocarbon solvent to form a poly(arylcarbyne);
wherein the organic monomer contains at least one
carbyne group bonded to an aryl group.
24. The method of claim 23 wherein the organic
monomer contains at least one carbyne group bonded to
a phenyl group.
25. The method of claim 24 wherein the organic
monomer is a,c,d-trichlorotoluene.

50

13. The method of claim 1 wherein the source of

electrons is a complex of an alkali metal and an electron
transfer compound.
14. The method of claim 13 wherein the source of

electrons is an alkali metal complex of naphthalene,
biphenyl, or anthracene.

organic monomer in an ethereal, polyethereal or
hydrocarbon solvent to form a poly(alkylcarbyne);
wherein the organic monomer contains at least one
carbyne group bonded to an alkyl group.
23. A method for preparation of a poly(airylcarbyne)
comprising:
contacting a source of electrons which is soluble in an
ethereal, polyethereal or hydrocarbon solvent and
has a reduction potential of -0.2 or more negative
relative to the standard calonel electrode with an

carbyne.

ylcarbyne co-monomer.
11. The method of claim 1 wherein the carbyne con

reducing agent is lithium naphthalenide or lithium
biphenylide.
22. A method for preparation of a poly(alkylcarbyne)
comprising:
contacting a source of electrons which is soluble in an
ethereal, polyethereal or hydrocarbon solvent and
has a reduction potential of -0.2 or more negative
relative to the standard calomel electrode with an

taining organic monomer or co-monomer is an alkylcar

taining organic monomer or co-monomer is an arylbis

22
polyethereal or hydrocarbon solvent, with a solu
bilized reducing agent having a reduction potential
of -1.5 volts or more negative relative to the stan
dard calomel electrode, to form a soluble highly
reactive metal species;
(b) contacting the soluble highly reactive metal spe
cies with an organic monomer or co-monomer in
an ethereal, polyethereal or hydrocarbon solvent
to form a polycarbyne; wherein said organic mono
ner contains at least one carbyne group and said
highly reactive metal species is soluble in an ethe
real, polyethereal, or hydrocarbon solvent.

55

15. The method of claim 14 wherein the source of

electrons is lithium naphthalenide or lithium bipheny
lide.

26. A method for preparation of polymer fibers com
prising:
(a) contacting a source of electrons which is soluble
in an ethereal, polyethereal or hydrocarbon solvent
and has a reduction potential of -0.2 or more
negative relative to the standard calomel electrode
with an organic monomer in an ethereal, polye
thereal or hydrocarbon solvent to form a polycar
byne; wherein the organic monomer or co
monomer contains at least one carbyne group; and
(b) forming fibers from the polycarbyne.
27. The method of claim 26 wherein the organic

16. The method of claim 1 wherein the source of 60 monomer or co-monomer contains at least one carbyne
group bonded to a phenyl group.
28. A polycarbyne of the following formula:

electrons is a highly reactive non-alkali metal species.
17. The method of claim 16 wherein the source of

electrons is a highly reactive barium, strontium, copper
or calcium species.
18. A method for preparation of a polycarbyne con
prising:
(a) contacting in an ethereal, polyethereal, or hydro
carbon solvent a metal salt, soluble in an ethereal,

65
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24

wherein:

wherein:

(a) said polycarbyne comprises a tetrahedral three

(a) said polycarbyne comprises a tetrahedral three

dimensional network;

dimensional network;

(b) is Fat least one and represents the number of car
byne groups in a monomer unit;
(c) R=a (C100) alkyl group, a (C7-100) aryl group or a
(C1-100) arylalkyl group;
(d) pse at least two and represents the number of
monomer units in the polycarbyne; and
(e) each R and each i can be the same or different.
29. A polycarbyne of claim 28 wherein i=1 for every

(b) R=a (C1-100) alkyl group or a (C6-100) aryl group

5

O

or a (C7-100) arylalkyl group;
(c) p=is at least one;
(d) n = is at least one; and
(e) R can be the same or different.
32. A polymer fiber prepared from a tetrahedral three
dimensional polycarbyne having a formula:

monomer unit.

30. A polydicarbyne of the following formula:

R-C;
15

---

i=at least one and represents the number of carbyne
groups in a monomer unit;

p

(a) said polycarbyne comprises a tetrahedral three
dimensional network and wherein

(b) R=a (C1-100) alkyl group, a (C6-100) aryl group or
a (C7-100) arylalkyl group;
(c) p=at least two and represents the number of mon
oner units in the polycarbyne; and
(d) R can be the same or different.
31. A polycarbyne of the following formula:
/

N

( N H

p

wherein

wherein:

R-rC

/
N

C-R-C

25
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/

N
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R=a (C1-100) alkyl group or a (C6-100) aryl group or
a (C7-100) arylalkyl group;
p=is at least two and represents the number of mono
mer units in the polycarbyne; and wherein each R
and each i can be the same or different.
33. A method for preparation of a poly(phenyldicar
byne) comprising: contacting a source of electrons
which is soluble in an ethereal, polyethereal or hydro
carbon solvent and has a reduction potential of -0.2 or
more negative relative to the standard calomel elec
trode with an organic monomer in an ethereal, polye
thereal or hydrocarbon solvent to form a poly(phenyl
dicarbyne); wherein said organic monomer contains
two carbyne groups bonded to a phenyl group and
wherein said soluble source of electrons is soluble in an
ethereal, polyethereal, or hydrocarbon solvent.
:
k
k
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